The mRNA-capping enzyme (mRNA 5'-guanylyltransferase) gene was cloned from a Candida albicans genomic DNA fibrary by functional complementation o f a Saccharomyces cerevisiae ceglA null mutation. This gene, referred t o as CGTI (c. albicans guanylyltransferase 1 ) . can encode a 52 kDa protein that is highly homologous to S. cerevisiae Ceglp. CGTl in a single-copy plasmid complemented the lethality of the S. cerevisiae ceglA null mutation and, like 5. cemvisiae Ceglp, bacterially expressed Cgtlp was able to form a stable complex with the GMP moiety of GTP and to synthesize the cap structure in vitm, demonstrating that CGTI is the C. albicans mRNA 5'-guanylyltransferase gene. CGTI seemed to exist as a single copy in the C. albicans genome and was actively transcribed into mRNA. Another ORF was found in an opposite strand very close t o the CGTl locus. This gene shared significant sequence homology with 5. cerewisiae F'REI, the gene encoding ferric reductase, and therefore was designated CFL 1 (C. albicans ferric-reduetase-like gene I ) . Despite its sequence homology with 5. cerevisiae FR€7, CFLI mRNA was not induced by iron deprivation, and CFLI did not complement the slow growth of a S. cerewisiae freIA null mutant in the absence of iron, suggesting that CFLI is functionally distinct from S. cerevisiae FR€l.
INTRODUCTION
Almost all eukaryotic mRNAs are capped at their 5'-termini (Shatkin, 1976 Ohno e t al., 1987) , stabilization (Furuichi etal., 1977; Shimotohno etul., 1977; Murthy e t al., 1991) , nuclear export (Hamm & Mattaj, 1990> and translation of mRNA (reviewed by Filipowicz, 1978 ; Shatkin, 1985) . Capping occurs at an early step during transcription and is catalysed by the capping enzyme. At least three enzymic activities are required for the synthesis of the cap structure: (i) removal of the y-phosphoryl 
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CEGl gene was cloned from a Sacdwomjces cereuirzm genomic DNA library and was shown to encode a 52 kDa E subunit (Shibagaki a t al., 1992) . In addition, disruption of CEGI was lethal, indicating that CEGI is essential for vegetative growth of S. cereva'siae (Shibagaki e t al., 1992) .
Mutational analyses of the CEGl gene revealed that Lys,, is important for the covalent binding to GMP; amino acid substitution of Lys,, results in the complete loss of enzyme activity and in the death of S. cereviiiae cells (Fresco & Buratowski, 1994; .
Furthermore, the amino acid sequence Lys,,-Thr-AspGly of Ceglp is highly conserved in mRNA 5'-guanylyltransferases from Schip.wccharomJykes palrrbe and several viruses (Niles et d , 1986 ; Pena e t a/., 1993; Seliger e t ad., 1987; Shuman eta'., 1994 ; Upton e t al., 1991) , indicating that Lys,, is located in the active site of the enzyme.
C'andida albicans is a dimorphic fungus that commonly causes infection. It grows as a diploid and does not have a sexual cycle (Scherer & Magee, 1990) . Upon stimuli such as serum addition or temperature shift, C. albicans cells undergo a morphogenetic transition from the yeast to the hyphal form. This morphogenetic transition seems to be somehow associated with virulence because clinical isolates are more efficiently converted into the hyphal form in vitro (Odds, 1987) .
Several azole compounds such as fluconazole and itraconazole have been developed and used for anti-C'aBdida chemotherapy. However, a recent increase in azole-resistant C. a l b i~a n~ requires the development of a new type of compound having a different mode of action.
Capping enzyme seems to be a feasible antifungal target because mRNA capping is essential, even for fungal cells, and the structure of fungal capping enzyme differs from that of the mammalian counterpart (cg. subunit vs single polypeptide) as described above.
In an attempt to search for a novel antifungal target, we isolated the mRNA-capping enzyme gene from C. albicans. The cloned gene shared significant sequence homology with the mRNA 5'-guanylyltransferase genes of S.
cereviriae (Shibagaki e t al., 1992) and Schi~. pornbe (Shuman e t al., 19941 , and the protein expressed in bacterial cells was fully active as mRNA 5'-guanylyltransferase.
METHODS
Generation of ceglA and frelA null mutant strains. In order to generate a ceglA null mutant strain (a 149x3 leu2 his3 trpl ceglA: : LEU2 CEGI-URA3), the entire 5'. cerevjxiae CEGl ORF that was amplified by PCR using primers possessing a J'mzI cleavage site was subcloned a t the S m d site of pUC18, and L E U 2 was ligated at a unique EcoRI site of CEGI in an opposite transcriptional orientation to CEG I , S. cerevisim diploid RAY3A-D (a/. trra3lura3 leuZ/led h i d / h i d trpl/trpl) was then transformed with the resulting CEG I -LEU2 chimeric gene, and several Leu+ transformants were selected. After confirming the correct integration of the CEG I-LEU2 gene at the CEGI locus by Southern blotting, the cells were hurther transformed with YEp24 (Botstein et a/., 1979) Construction of a genomic DNA library and screening for the C albicans capping enzyme gene. Genomic DNA was extracted from C. albicans strain I F 0 1060 as described by Lundblad (1989) and partially digested with Sau3AI. The resulting Sask3AI-digested DNA fragments, whose sizes were between 5 and 20 kb, were separated by agarose gel electrophoresis, isolated and ligated at the BamHI cleavage site of YEp24T in which URAJ (Botstein e t a!., 1979) was replaced with TRPl (Struhf et al., 1979) . Then, ceglA null mutant cells were transformed with a C. alhicans genomic DNA library by the lithium acetate method (Ito et al., 1983) , selected for tryptophan auxotrophy, and further selected by 5-FOA resistance (Lundblad, 1989) . Nine out of 3 x lo4 Trp' transformants were found to grow in the presence of 5-FOA, and plasmid DNA was recovered from the cells grown on the plates containing 5-FOA as described by Lundblad (1989) . The inserted DNA fragments were excised by digesting the recovered plasmids with various restriction endonucleases and subcloned into YEp24T to test for 5-FOA resistance. The DNA fragment that allowed cegIA null mutant cells to grow in the presence of 5-FOA was digested with several restriction endonucleases, further subcloned in the pUCl9 vector, and sequenced using a Sequenase Version 2.0 kit (USB) and [a-35S] Expression of 5 cerevisiae and C. albicans capping enzymes in Escherichia coli. The entire 3. cerevisiae CEGl and C. albicans CGTI ORFs were amplified by PCR and ligated at the SmaI cleavage site of pGEX-ZIT, which would result in the expression of Ceglp and Cgtlp as fusion proteins with glutathione Stransferase (GST) in bacterial cells (Smith & Johnson, 1988) . Primers used for amplifying CEG I have already been described in this section, and those for CGTl were 5'GGATCCCCG-GGAATTCTTATGATTCAATTAGAAGAAGAAAGAGAAGAAAGAA TT3' and 6'GThCCGAGCTCCCCGGGTTATTCGTCGTCACThTCTTCATAAGTG3'. E. coli XL-1 Blue cells were transformed with the above plasmids and were induced to express Ceglp or Cgtlp with 1 mM IYTG at 37 "C for 4 h. Bacterial celIs were then lysed by sonication in buffer A containing 20 mM Tris/HCl (pH 7*5), 11. 5 mM EDTA, 50 mM NaC1,
Nonidet P40 and 1 mM PMSF {Itoh etal., 1987) . After removing cell debris by centrifugation, GST-Ceglp and GST-Cgtlp were purified by glutathione-Sepharose CL-4B column chromatography as described by Smith & Johnson (1988) . The purified fusion proteins were dialysed against buffer A, assayed for enzyme-GMP complex formation in a standard reaction mixture containing 20 mM Tris/HCl (pH 7.5), 3 mM MgCl,, 10 mM dithiothreitol, 0.4 mg bovine serum albumin ml-', 2 mg inorganic pyrophosphatase ml-', 20% (v/v) glycerol, 1 mM PMSF and 1 mM [ c~-~~P J G T P {specific activity 1 x lo5 c.p.m. pmol-I) at 30 ' C for 10 min (Itoh et a/., 1984), analysed by SDS-PAGE and visualized by autoradiography. In vitru cap formation was assayed according to the method of Mizumoto & Lipmann (1979) in a 25 pl reaction mixture containing 10 mM Tris/HCl (pH 7-5), 3 mM MgCl,, 1 rnM dithiothreitol, 0.1 mM EDTA, 20 "!o (v/v> glycerol, 2.4 pM [a-3aP]GTP (400 Ci mmol-l; 14.8 TRq mmol-'), 50 pmol ppG-terminated RNA and 1 pg GST-Ceglp or GST Cgtlp protein at 30 "C for 60 min. After digesting the RNA with nuclease P1 and calf intestine alkaline phosphatase, the cap structure was identified by paper electrophoresis on DE81 paper and autoradiography .
Complementation of ceglA and freld null mutants by CGTl and C H I . A 2.5 kb ClaI-ClaI fragment of CGTl and a 3.7 kb SoA-Xhol fragment of CFLl were subcloned in YEp24T or pRS414 and transfected into the ceg7A null mutant orfreIA null mutant strains, respectively. The ability of CGTl or CFLI to complement the ceglA null mutation or thefreld null mutation were examined by culturing the above transfectants on agar plates containing 5-FOA (for CGTI} or on MD medium lacking iron (for CFL7) (Dancis s t al., 1990), respectively,
RESULTS

Cloning of the C. albicans mRNA-capping enzyme gene
We wanted to identify the mRNA-capping enzyme gene in C. albicans, one of the pathogenic fungi that causes human mycosis. Since we failed to detect a clear signal by Southern blotting of C. a l b h n s genomic DNA using different regions of 5'. cereuisiae CEG7 as probes, the approach we chose was functional complementation of the S. cereviszm ceglA null mutation. Since CEG7 is an essential gene in S. cerevisiae (Shibagaki s t a/., 1992), we generated an S. cerevi5iat? strain in which endogenous CEGl was disrupted but in which intact CEGl was retained in YEp24 that harboured U R A 3 as a selectable marker. This strain, designated ceglA, grew in the absence of 5-FOA but died when it was present as a consequence of the elimination of the URAP-containing plasmid.
ceglA cells were then transformed with a C. aibicuns genomic DNA library and selected by tryptophan auxotrophy and 5-FOA resistance. Nine out of 3 x lo4 Trp' transformants were found to grow in the presence of 5-FOA, and all plasmids recovered from these 5-FOAresistant clones reproducibly conferred resistance to 5-FOA when transfected into cegfA cells. Restriction endonuclease digestion of the recovered plasmids revealed that all clones carried the same part of the C. albkcans genomic DNA, while the size of the inserted DNA fragment was different in each clone. One clone carrying the shortest genomic DNA fragment was further digested with restriction endonucleases to make deletions, and a 5-2 kb XbaT-TthlllI fragment was found to be sufficient to complement the lethality of the ceglA null mutant.
Sequencing of the cloned C. akbican5 genomic DNA fragment revealed that it contained two potential ORFs, designated ORFl and ORF2 (Fig. 1) . ORFl could encode a protein with a molecular mass of52 kDa that is highly homologous to mRNA 5'-guanylyltransferases of S. cereviszae (Ceglp) (Shibagaki e t al., 1992) a t a a q 3 a a c a a a a a c a a t a a a a a 
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S . 3). Experiments involving the deletion of the cloned DNA fragment revealed that ORFl was essential for complementation of the ceglA null mutation (Fig. 1) . SalI-IYhaT fragment that contained only ORF2 did not (Fig. 4) . All these results demonstrate that ORFl encodes C. alhfcans mRNA 5'-guanylylrransferase, and therefore ORFl was designated CGTI (c. albicam guanylyltransferase gene 1).
CCTl encodes mRNA 5'-guanylyltransferase
The expected size of CgtZp deduced from the nucleotide sequence was identical to that of mRNA 5'-guanylyltransferase detected by the enzyme-GMP complex formation using crude nuclear extracts of C. albzmns (data not shown). In 5'. cere-evisiae Ceglp, Lys,, is expected to be the GMP-binding site, and the neighbouring sequence including this lysine, Lys-X-Asp-Glp, in which X can be any amino acid, is widely conserved in proteins that form a stable nucleotide monophosphate-enzyme complex (Cong & Shuman, 1993; Fresco & Buratowski, 1994; Schwer & Shurnan, 1994) . Cgtlp also contained the Lys-Thr-Asp-Gly motif starting at position 67 (Fig. 2a) .
To further confirm that CGTI encodes mRNA 5'-guanylyltransferase, we tested whether o r not Cgtl p could form a stable complex with the GMP moiety of GTP. To address this possibility, C. albe'cwns Cgtlp and 5'.
cereviriae Ceglp were expressed in E. coki as fusion proteins with GST, and were purified by affinity column chromatography using glutathione-Sepharose. As shown in Fig. 5 , purified GST-Ceg 1 p and GST-Cgtl p were specifically labelled with 32P when incubated with [x-~~PIGTP, whereas GST alone was not. The GMP--enzpme complexes were stable, even in the presence of SDS, and were never dissociated through SDS-PAGE (Fig. 51 , Furthermore, Cgtlp synthesized GpppG when incubated with GTP and ppG-terminated RNA (Fig. 6 ). Two bands were labelled with 32P in the purified GST-Cgtlp fraction (Fig. 5 ). Because Coamassie Brilliant Blue staining of the purified Cgtlp also showed two bands whose sizes were identical to those detected by enzyme-GMP complex formation {Fig. 51, the faster-migrating band might be the degraded product o€ Cgtlp. Binding of Cgtlp to nucleotides was specific to the GMP moiety of GTP, and it had little affinity to ATP, CTP and UTP (data not shown).
Southern blot analysis demonstrated that digestion of C, albalcans genomic DNA with BgfiI, EcoRI or Xbd produced bands of 1.2 kb, 0.6 and 1.2 kb, or 1.9 kb, respectively. This pattern was coincident with the expected size from the restriction map of CGTI, suggesting that CGTI was a single-copy gene in the C. a k m s haplojd genome (Fig. 7) .
Another gene present near the CGTl locus
We found another ORF (indicated as ORF2 in Fig. 1 Lys,, was shown to be the important residue for covalent binding of GMP in S. cerevisiac Ceglp (Fresco & Buratowski, 1994; , and Lys-XAsp-Gly in which Lys is expected to be the GMP-binding site was widely conserved among the enzymes that form a stable enz yme-nucleo tide monophosp ha te complex . Cgtlp also contained the Lys-XAsp-G1y motif near the N-terminus. However, comparison of the S. cerevisim, Schi~. pornbe and C. albzmns sequences revealed that there were several completely conserved areas (Fig. 3a) . Since mRNA 5'-guanylyltransferase should recagnize and may bind to mRNA, some of these conserved sequences may be responsible for RNA recognition.
Recently, S. Fig. 2b ). In S. carevisiae, ferric reductase is coupled to the ferrous transporter to convert biologically inaccessible ferric (Fe"+) ion into the ferrous (Fe") state (Dancis e t al., 19901 , and at least two ferric reductases are present and encoded by the distinct genes FRE7 and FRE2 (Georgatsou & Alexandraki, 1994) . We do not know if 6. ahcans hmxporates iron by a similar mechanism to 5'. cerevii-iae, but identification of the ferric reductase genes in C . albicans would answer this question.
